Glycoprotein nonspecific elicitor (NSE) and a specific elicitor preparation from intercellular fluids (SE) of tomato (Lycopersicon esculentum Mill. cv The objective of this study was to determine if the specific (8, 9) and nonspecific elicitors (7, 24) of necrosis proposed to be involved in the interaction between Cladosporium fulvum Cooke [syn. Fulvia fulva (Cooke) Ciferri] and tomato act through a similar effect on host plasma membranes. Initial tests involved the effect of various oxygen radical scavengers and of NSAIDs,3 proposed inhibitors of lipoxygenase, on elicitor-induced electrolyte leakage. We report here the differential effect of the NSAID piroxicam on electrolyte leakage induced by specific and nonspecific elicitors and subsequent investigation of the involvement of lipoxygenase and lipid peroxidation in these effects.
The interactions between plant pathogens and their hosts have been shown in several instances to involve effects on the plasma membranes of the host cells. These effects include depolarization (27, 33) , altered H+ and K+ fluxes (1) , electrolyte leakage (2) , and increases in lipid peroxidation (20) (21) (22) and can be different in incompatible and compatible interactions. Cell-free extracts of plant pathogens or 'elicitors' induce many of the same responses in the absence of the pathogen (28) (29) (30) .
In addition to nonenzymic mechanisms of membrane damage such as oxygen radicals, there are several enzymes capable of breaking down the lipid component of membranes including lipases and lipoxygenases. The activity of these enzymes increases following inoculation with pathogens or treatment with elicitors (14, 25, 26) . Although the subcellular location of lipoxygenase, its regulatory control, and synthesis are ' Supported by the Natural Sciences and Engineering Research Council of Canada. 2 Present address: Department of Plant Pathology, Cornell University, Ithaca, NY 14853 . 867 poorly understood (15) , its activity has been detected in the tissues of numerous plant species and appears to increase under conditions of stress such as pathogenesis and senescence.
The objective of this study was to determine if the specific (8, 9) and nonspecific elicitors (7, 24) of necrosis proposed to be involved in the interaction between Cladosporium fulvum Cooke [syn. Fulvia fulva (Cooke) Ciferri] and tomato act through a similar effect on host plasma membranes. Initial tests involved the effect of various oxygen radical scavengers and of NSAIDs,3 proposed inhibitors of lipoxygenase, on elicitor-induced electrolyte leakage. We report here the differential effect of the NSAID piroxicam on electrolyte leakage induced by specific and nonspecific elicitors and subsequent investigation of the involvement of lipoxygenase and lipid peroxidation in these effects.
MATERIALS AND METHODS

Growth of Plants
Tomato (Lycopersicon esculentum L.) seeds of cv Sonatine, Bonny Best, and Potentate were obtained from de Ruiter Seeds Co., Columbus, OH, McKenzie Seed Co. Ltd. Brandon, Manitoba, Canada, and R. A. Brammall, Simcoe Horticultural Experimental Station, Simcoe, Ontario, Canada, respectively, and germinated in a standard soilless mix (Pro-Mix BX, Premier Peat Moss Ltd., Chemin Temiscouta, Riviere du Loup, Quebec, Canada). Plants were transplanted at 2 weeks of age and maintained in growth chambers with a 14 h photoperiod at 15,000 lux (200 ,uE * m-2 s'), 85% RH, and day and night temperatures of 23 and 21°C. Treated plants were incubated under the same conditions. Plants were used at 5 to 6 weeks of age for all experiments.
suspensions prepared from plates of the sporulating pathogen (7-14 d after transfer) were used to inoculate modified Fries medium (24) for the production of NSE or to inoculate plants for the production of SE from intercellular fluids.
Preparation of NSE NSE was prepared from culture filtrates of C. fulvum race 0 or race 2.4.5. The fungus was grown for 21 d under a 12 h photoperiod at 1000 lux ( 14 uE* m-2 -s-') at 25°C on modified Fries medium according to the method of Lazarovits and Higgins (24) . Fungal mycelium and culture medium were filtered through glass wool and then through Whatman No. 1 filter paper under vacuum. Crude culture filtrates of race 2.4.5 were concentrated to 5% of their original volume using an Amicon ultrafiltration apparatus and PM-10 membrane (molecular cut-off 10,000 D) and stored at -20°C. Crude culture filtrates of race 0 were further purified by affinity chromatography on ConA Sepharose according to the method of Lazarovits et al. (23) . This was followed by gel chromatography using Sephacryl S-200 Superfine (Pharmacia, bed volume 1.6
x 39 cm packed in distilled water). The sample (each 2-5 mg glucose equivalents) was eluted with distilled water (flow rate 0.7 ml -min-') and 4.2 mL fractions collected. Active fractions usually eluted about fractions 4 to 9 (mannoside from the ConA elution began to be eluted in about fraction 15) and were pooled and stored at -20°C. Carbohydrate levels in the pooled fractions were determined using the assay of Dubois et al. (13) with D-glucose as the standard. NSE (race 0) was used at 100 ug ml-' glucose equivalents for the lipoxygenase and lipid peroxidation experiments and NSE (race 2.4.5) at 40 ug-mL-' glucose equivalents for the electrolyte leakage experiments.
Preparation of Specific Elicitor
SE intercellular fluids were prepared from tomato cv Bonny Best or Potentate (no known genes for resistance to C. fulvum) infected with race 2.4.5 of C. fulvum according to the method of de Wit and Spikman (8) . Leaflets were spray inoculated with (1 x 106. ml-') conidia and harvested 10 to 14 d later when sporulation was evident over the entire abaxial surface of the leaflets. Leaflets were infiltrated in vacuo, placed in specially designed centrifuge tubes (8) Opposite leaflets of several tomato cultivars carrying different genes for resistance to C. fulvum were injected with NSE and water or with SE and CIF treatments, and the electrolyte leakage from these leaflets was measured according to the method of Lazarovits and Higgins (24) . Entire leaflets were injected with 1 to 2 mL of each treatment using 27 gauge needles and 1 mL disposable syringes. The NSAIDs piroxicam (4-hydroxy-2-methyl-3-[pyrid-2-yl-carbamoyl]-2H-1,2-benzothiazine 1,1-dioxide) and ibuprofen (alpha-methyl-4-[2-methylpropyl] benzeneacetic acid) were obtained from Sigma Chemical Co., St. Louis, MO, and solubilized in hot ethanol, cooled, and added to the NSE and SE treatments to a final concentration of 100 ,M (in 1% ethanol) before injection into opposite leaflets from those injected with NSE or SE alone (in 1% ethanol). Injected plants were incubated for 5 h in the growth chamber after which time the plants were removed and 21 to 28 discs were cut from each injected leaflet with a 9 mm corkborer. Cut discs were immediately floated adaxial side up on 50 mL of low conductivity water (Millipore Milli-Q system, Bedford MA) in a glass Petri plate. The water was replaced after 5 min, and the discs were turned over. After floating a further 5 min, the discs were placed adaxial side up in 25 mL Erlenmeyer flasks containing 5 mL of low conductivity water with an equal number of discs dispersed over three or four flasks. The flasks were then placed on a wristaction shaker and the 'time zero' conductivity measurements made after the first 2 min of shaking. Conductivity measurements made after the first 2 min of shaking. Conductivity measurements were made after 0.5 h and every hour thereafter for 3 h. Net conductivity values were calculated by subtracting the time zero values from the actual values measured 1 to 3 h after cutting the discs.
Injection of NSE or SE for Lipoxygenase and Lipid Peroxidation Assays
Four leaflets (two adjacent pairs) of the third leaf of cv Sonatine (resistant to C. fulvum race 2.4.5) were each completely injected with distilled water, NSE, SE, or CIF as described above. NSE and SE were injected on diagonally opposite leaflets and distilled water and CIF controls injected into leaflets directly opposite these treatments, respectively. The concentrations of NSE and SE selected for the assay induced necrosis at similar times (24 h Total protein in the leaf extracts was determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, CA) based on the dye-binding assay of Bradford (5) with soybean lipoxygenase (Sigma L-7127) as the protein standard. Amount of protein in the extracts rather than fresh weights of the extracted leaflets was used to standardize both lipoxygenase activity and lipid peroxidation in the extracts as it appeared to give a more accurate estimation of the efficiency of extraction.
Lipoxygenase Assays
Lipoxygenase activity in leaf extracts was measured using the polarographic method described by Grossman and Zakut (17) and the spectrophotometric assay of Ben-Aziz et al. (4) . The polarographic assay is based upon oxygen uptake by lipoxygenase in a linoleic acid solution as measured by an oxygen electrode. A 2.5 mL aliquot of substrate solution containing 8 .0 x 10-4 M linoleic acid (cis-9, cis-12 octadecadienoic acid), 0.025% Tween 20 in 0.2 M sodium-phosphate buffer (pH 6.5) was equilibrated with air at 250C in an oxygen electrode apparatus (Yellow Springs Instruments, Yellow Springs, OH) attached to a strip chart recorder. The electrode was inserted into the substrate solution and a steady trace was set at 100% air saturation for 3 min. Fifty ,L of leaf extracts (in a total volume of 500 ,uL with water) was added to the substrate solution with a syringe, and the initial rate ofoxygen uptake was recorded from two separate curves. Lipoxygenase activities were expressed as ,umol 02,* min-' -mg-' protein using the standard oxygen content of air-saturated water at 250C (0.258 Amol.mL-' water).
Lipoxygenase activity in leaf extracts was also measured spectrophotometrically at 234 nm using linoleic acid (cis-9, cis-12 octadecadienoic acid) as the substrate. Lipoxygenase catalyzes the addition of oxygen to cis -1,4 unsaturated fatty acids producing conjugated linoleate hydroperoxides which absorb at 234 nm (32) . The method of Ben-Aziz et al. (4) , based on a modification of the assay of Tappel (32) , was used to determine lipoxygenase activities in leaf extracts. One mL of substrate solution containing 2.28 x 10-4 M linoleic acid (Sigma L-1376) and 0.25% Tween 20 in 0.2 M citrate-phosphate buffer (pH 6.5) was added to quartz cuvettes in a Beckman Acta C3 spectrophotometer. The spectrophotometer was zeroed and 5 to 15 ,uL leaf extract was added to the sample cuvette with thorough mixing. Increases in absorbance at 234 nm (25°C) were followed for 15 min and rates of increase were calculated from the initial linear portion of at least two separate curves. Activity was expressed as change in absorbance at 234 nm * min-' mg-' protein.
In Vitro Inhibition of Lipoxygenase by Piroxicam
The NSAID piroxicam was also tested for ability to inhibit lipoxygenase activity in elicitor-injected leaf extracts measured by the spectrophotometric assay. Leafextracts from NSE and SE-injected cv Sonatine incubated in the light were prepared as described above and added to the substrate solution with 100 to 300 ,M piroxicam (1-3% ethanol) and mixed thoroughly. Rates oflipoxygenase activity were calculated and compared to rates obtained with controls consisting ofextracts plus 1-3% ethanol. The concentration of piroxicam required for 50% inhibition of activity in each extract was calculated using four concentrations of Piroxicam.
Substrate Specificity of Lipoxygenase
The specificity of the lipoxygenase activity in leaf extracts for substrates with the cis-1 ,4-pentadiene structure was tested using oleic acid. Oleic acid (cis-9, octadecanoic acid) is a C1 8 fatty acid similar to linoleic acid but with a single double bond at position 9 and therefore is not a substrate for lipoxygenase (32) . Buffered substrate solutions of both oleic and linoleic acids were prepared identically as described for the spectrophotometric assay. Lipoxygenase activity using the two substrates was compared in leaf extracts from NSE injected tomato incubated for 12 hours after injection.
pH Dependence of Lipoxygenase Activity Linoleic acid solutions buffered to various pH levels were used to determine the pH optimum of the enzyme extracted from NSE and SE-injected tissue. Linoleic acid solutions were prepared as described for the spectrophotometric assay using 0. 
Lipid Peroxidation Assay
Levels of lipid peroxidation in elicitor-treated leaf tissue were measured using the thiobarbituric acid test for malonaldehyde (10) . A 67 gL aliquot of leaf extract was mixed with 933 ,L 20% TCA + 0.5% thiobarbituric acid in 1.5 mL plastic centrifuge tubes and incubated at 95°C for 30 min. The tubes were then cooled immediately in an ice-bath and centrifuged for 10 min (10,000g, 5°C). Following centrifugation, the specific absorbance of the product and the nonspecific, background absorbance were read at 532 and 600 nm, respectively, using 20% TCA + 0.5% TBA as the reference standard. After subtracting the nonspecific from the specific absorbance, the net absorbance at 532 nm was expressed in terms of protein in the extracts.
Statistical Analyses
Comparisons of differences observed in the electrolyte leakage, lipoxygenase, and lipid peroxidation experiments were completed using the parametric t test and the nonparametric U-test programs of the statistical software STATSEASE written by Bryan Clarke, Department of Genetics, University of Nottingham, U.K.
RESULTS
Electrolyte Leakage Assay
Electrolyte leakage from NSE and SE-injected leaflet tissue was assayed by following increases in conductivity over 3 h. ibuprofen all showed significant differences in leakage between leaflets injected with NSE alone and those injected with NSE plus piroxicam or ibuprofen (Table I) Lipoxygenase activities in water-and NSE-injected Sonatine leaf tissue were measured both polarographically (Fig.  2a) , and spectrophotometrically (Fig. 2b) . Water-injected controls incubated for 6, 12, or 24 h after injection had similar levels of lipoxygenase activity indicating little variation between plants. A large increase in levels of activity in the NSEinjected tissue was observed at 6 and 12 h incubation with levels of activity not significantly different from the controls at 24 h. No lipoxygenase activity could be detected in the NSE preparation itself when it was added directly to the spectrophotometric assay at a concentration higher than would be found in the tissue extracts. Activity in a heattreated extract from NSE-injected leaf tissue was greatly reduced (0.036 A.A234 min-'. mg-' protein). Determination of lipoxygenase activity in two separate extracts from NSEinjected tomato using both linoleic and oleic acid as the substrate produced average activities of 0.703 and 0.086AA234 -min-' mg-' protein, respectively.
SE-Injected Tomato
Lipoxygenase activities in extracts from uninjected Sonatine leaf tissue or tissue injected with CIF or SE from intercellular fluids were measured both polarographically (Fig. 3a ) and spectrophotometrically (Fig. 3b) . CIF-injected tissue appeared to contain higher levels of activity than the waterinjected controls shown in Figure 2 . Lipoxygenase levels in SE-injected tissue increased from 6 to 12 h after injection, then declined to control levels at 24 h. Extracts from uninjected tissue had low levels of activity which were not significantly different from those ofthe water (Fig. 2) or CIF-injected (Fig. 3) The pH dependence of lipoxygenase activity in extracts from light-incubated SE-injected and NSE-injected leaf tissue was determined using substrate solutions buffered to several pH values. Extracts from NSE and SE-injected tissue both exhibited broad pH optima of 6 to 8. No difference in activity between the two types of buffer at pH 7.0 was detected.
Lipid Peroxidation
Lipid peroxidation in NSE and SE-injected leaf tissue was measured using the TBA test for malonaldehyde. No significant differences in peroxidation between control-(water and CIF) and elicitor-injected (NSE and SE) tissue were observed 6 h after injection, but at 12 and 24 h after injection, significantly higher levels of peroxidation were observed in elicitorinjected tissue (Table II) . Lipid peroxidation in both waterinjected and CIF-injected controls was more variable than that observed for controls in the lipoxygenase assays.
Effect of Light on SE-induced Lipoxygenase, Lipid Peroxidation, and Necrosis
The induction of lipoxygenase, lipid peroxidation, and necrosis in SE-injected Sonatine tissue from dark and light incubated plants was examined due to the recent report of de Wit et al. (9) on the effect oflight on the induction of necrosis. Lipoxygenase activities in Sonatine leaf tissue injected with SE and incubated in the light or the dark for 12 h were measured spectrophotometrically (Fig. 4) . No significant differences in activity between extracts from dark and lightincubated plants could be detected. The pH optima for the lipoxygenase(s) extracted from both light and dark-incubated tissue were similar for both treatments (results not shown). Values obtained for lipid peroxidation in SE-injected Sonatine incubated in the dark or the light were also not significantly different from each other (Fig. 4) .
In two separate experiments, leaflet panels (15-21 per treatment) were injected with SE or CIF and incubated in the dark or the light for 16, 21, or 36 h to test the effect of light on the induction of necrosis. In one of the experiments (Fig. Sa) , dark-incubated panels were photographed in the light at the three observation times giving the panels approximately 45 min total light exposure. In the second experiment, much lower levels of necrosis were observed in the panels incubated in the dark, without any photography, for up to 36 h after injection (Fig. 5b) . High levels of necrosis were observed as early as 16 h after injection in all of the SE-injected panels incubated in the light (Fig. 5) . 
DISCUSSION
The inhibition of NSE-induced electrolyte leakage in tomato tissue by NSAIDs piroxicam and ibuprofen suggested the involvement of lipoxygenase in elicitor-mediated effects. Piroxicam and ibuprofen are reported to inhibit soybean lipoxygenase in vitro (31) and to inhibit the accumulation of phytoalexins in potato tubers (19) . The failure of piroxicam to visibly affect the degree of necrosis induced by NSE indicated that lipoxygenase activity and necrosis induction may be unrelated events, a possibility supported by the light/dark experiments. Electrolyte leakage induced by specific elicitors from intercellular fluids (SE) in cv Sonatine was not significantly affected by piroxicam, suggesting the possibility of a different mechanism of membrane damage to that mediated by NSE. However, direct determination of the activity of lipoxygenase after treatment of leaf tissue with either type of elicitor and in vitro inhibition studies failed to explain the different effects seen with piroxicam. NSE and SE are chemically unrelated elicitors (7, 9, 23 ), yet both induce electrolyte leakage, lipoxygenase, and lipid peroxidation. These responses are probably general stress responses which are secondary to initial recognition events controlling race/cultivar specificity. The NSAIDs may have had an effect on NSE-induced electrolyte leakage that was unrelated to lipoxygenase. Only one study has demonstrated the inhibition of plant lipoxygenases by these drugs in vitro (31) using soybean lipoxygenase type 1 which has a pH optimum of 9.0 and adds oxygen primarily to the C 13 position of linoleic acid (3) . The lipoxygenase from potato has a pH optimum of 6.5 and adds oxygen preferentially to the C9 rather than the C 13 position of linoleic acid INCUBATION TIME (h) (16) . The lipoxygenase induced in response to NSE and SE injection and extracted from tomato in the present study had a broad pH optimum from 6 to 8 and was inhibited by piroxicam in vitro. In the inhibition study involving soybean lipoxygenase, it was reported that 154 and 575 jiM of piroxicam and ibuprofen, respectively, were required for 50% inhibition of the enzyme in vitro (31) (14) . In both of these studies, the elicitors used were produced from culture filtrates of the pathogen grown in vitro. The NSE produced by C. fulvum is also isolated from culture filtrates of the fungus grown in vitro and is nonspecific (with respect to race and cultivar) in terms of its elicitor activity (24) . The induction of lipoxygenase by the NSE from C. fulvum adds a third elicitor-plant system in which lipoxygenase has been detected. Lipoxygenase has also been shown to increase in an incompatible bacterial-plant interaction (22) coincident with the development of the hypersensitive response (HR), lipid peroxidation, electrolyte leakage, and membrane depolarization (21) .
Intercellular fluids from compatible interactions of C. fulvum and tomato contain race/cultivar SE of chlorosis and necrosis (8) . Injection of race 245 intercellular fluids into the tomato cultivar Sonatine (resistant to race 245) produced a strong necrotic reaction after 16 to 24 h in the light, but not in the dark. These fluids also induced lipoxygenase in a similar pattern to that observed with the NSE but with smaller increases over the control values. Lipoxygenase, but not necrosis, was induced in the dark in response to these fluids, a result which suggests that the production of necrosis requires exposure to light and that the lipoxygenase response is separable from necrosis.
The lipoxygenase extracted in the present study was active from pH 6 to 8 which is in the range reported for lipoxygenases extracted from other plants (16, 17, 32) . No differences in pH activity profiles between extracts from NSE and SE-injected plants or between extracts from SE-injected plants incubated in the light or the dark could be detected, suggesting that similar lipoxygenase isozymes are induced in response to all of these treatments.
The linoleic acid oxidizing activity in tissue extracts was heat labile, indicating that the observed activity was due to oxidation of linoleic acid by proteins rather than to some nonenzymic mechanism. Lipoxygenase catalyzes the addition of oxygen to several molecules including fatty acids, esters, and alcohols that contain a cis-1,4-pentadiene system (3). Substrates include linoleic and linolenic acids but not monounsaturated fatty acids such as oleic acid (16, 32 
